Viscoelastic models of cells often treat cells as homogeneous objects. However, studies have demonstrated that cellular properties are local and can change dramatically on the basis of the location probed. Because membrane receptors are linked in various ways to the intracellular space, with some receptors linking to the cytoskeleton and others diffusing freely without apparent linkages, the cellular physical response to mechanical stresses is expected to depend on the receptor engaged. In this study, we tested the hypothesis that cellular mechanical stiffness as measured via cytoskeletally linked receptors is greater than stiffness measured via receptors that are not cytoskeletally linked. We used a magnetic micromanipulator to apply linear stresses to magnetic beads attached to living cells via selected receptors. One of the receptor classes probed, the dystroglycan receptors, is linked to the cytoskeleton, while the other, the transferrin receptors, is not. Fibronectincoated beads were used to test cellular mechanical properties of the cytoskeleton without membrane dependence by allowing the beads to endocytose. For epithelial cells, transferrin-dependent stiffness and endocytosed bead-dependent stiffness were similar, while dystroglycan-dependent stiffness was significantly lower. For smooth muscle cells, dystroglycan-dependent stiffness was similar to the endocytosed bead-dependent stiffness, while the transferrin-dependent stiffness was lower. The conclusion of this study is that the measured cellular stiffness is critically influenced by specific receptor linkage and by cell type and raises the intriguing possibility of the existence of separate cytoskeletal networks with distinct mechanical properties that link different classes of receptors. magnetic micromanipulator; dystroglycan; transferrin THE MECHANISM BY WHICH CELLS sense and respond to mechanical forces is relevant to many pathological conditions, such as atherosclerosis and myopathies. While there is no consensus regarding the specific response mechanism, it is thought that the cytoskeleton plays an important role in sensing the cell's physical environment (9, 32, 33) . To study the cellular response to mechanical stresses, different methods have been used, including membrane strain studies (6, 8, 11, 15, 28, 37, 39, 50) and cone viscometer experiments (49). More recently, new techniques have allowed greater control of the applied forces and the targeting of specific membrane receptors (1, 5, 12, 21, 23, 35, 42, 47, 48) . Magnetic micromanipulation applies stresses via magnetic beads and is capable of generating either linear (1, 4, 42) or twisting stress (10, 43, 44, 52, 53) .
However, studies have demonstrated that cellular properties are local and can change dramatically on the basis of the location probed. Because membrane receptors are linked in various ways to the intracellular space, with some receptors linking to the cytoskeleton and others diffusing freely without apparent linkages, the cellular physical response to mechanical stresses is expected to depend on the receptor engaged. In this study, we tested the hypothesis that cellular mechanical stiffness as measured via cytoskeletally linked receptors is greater than stiffness measured via receptors that are not cytoskeletally linked. We used a magnetic micromanipulator to apply linear stresses to magnetic beads attached to living cells via selected receptors. One of the receptor classes probed, the dystroglycan receptors, is linked to the cytoskeleton, while the other, the transferrin receptors, is not. Fibronectincoated beads were used to test cellular mechanical properties of the cytoskeleton without membrane dependence by allowing the beads to endocytose. For epithelial cells, transferrin-dependent stiffness and endocytosed bead-dependent stiffness were similar, while dystroglycan-dependent stiffness was significantly lower. For smooth muscle cells, dystroglycan-dependent stiffness was similar to the endocytosed bead-dependent stiffness, while the transferrin-dependent stiffness was lower. The conclusion of this study is that the measured cellular stiffness is critically influenced by specific receptor linkage and by cell type and raises the intriguing possibility of the existence of separate cytoskeletal networks with distinct mechanical properties that link different classes of receptors. magnetic micromanipulator; dystroglycan; transferrin THE MECHANISM BY WHICH CELLS sense and respond to mechanical forces is relevant to many pathological conditions, such as atherosclerosis and myopathies. While there is no consensus regarding the specific response mechanism, it is thought that the cytoskeleton plays an important role in sensing the cell's physical environment (9, 32, 33) . To study the cellular response to mechanical stresses, different methods have been used, including membrane strain studies (6, 8, 11, 15, 28, 37, 39, 50) and cone viscometer experiments (49) . More recently, new techniques have allowed greater control of the applied forces and the targeting of specific membrane receptors (1, 5, 12, 21, 23, 35, 42, 47, 48) . Magnetic micromanipulation applies stresses via magnetic beads and is capable of generating either linear (1, 4, 42) or twisting stress (10, 43, 44, 52, 53) .
Mechanical stresses applied to different receptors using magnetic micromanipulation result in molecular signaling that is strongly present only when the receptor stressed is cytoskeletally linked (2, (41) (42) (43) . These results support the notion that cytoskeletally linked receptors serve as a link between the external mechanical environment and the internal signaling domains of the cell. Tensegrity-based models carry this notion further, leading to the hypothesis that stressing cytoskeletally linked receptors results in a significant geometric change in the cell cytoskeleton, in turn leading to the activation of specific signaling pathways (26, 31, 32, 45, 54) . If hypotheses such as this one are true, then the molecular responses of the cell is likely to be different, depending on whether the receptor stressed was linked to the signaling pathway (the cytoskeleton). In the present study, we have examined whether the mechanical responses of cells are receptor dependent. To address this issue, mechanical properties of cells were measured by stressing two receptors, transferrins and dystroglycan, as well as beads that were endocytosed. We tested the hypothesis that cells probed via the cytoskeletally linked receptor would exhibit mechanical properties different from those of the non-cytoskeletally linked receptor. Endocytosed beads would represent a more global cytoskeletal resistance without any receptor specificity.
Integrins are transmembrane heterodimers that consist of an ␣-and a ␤-subunit. Fibronectin adheres predominantly to a subset of ␤ 1 integrins that are linked to the cytoskeleton via cytoskeleton-associated proteins such as vinculin and talin. Most work on the cellular response to mechanical stimuli has targeted these receptors. Transferrin receptors mediate the transportation of iron-bound transferrin into the cell; these receptors have been shown to diffuse freely when observed within a short time frame and are thought to demonstrate the mosaic compartmentalization model of the cell membrane (22) .
Dystroglycan is a laminin-binding receptor that links to the cellular cytoskeleton via dystrophin/utrophin molecules (27, 30) . The dystroglycan receptor is composed of two subunits, ␣-and ␤-dystroglycan, with ␣-dystroglycan located outside the cell and the transmembrane ␤-subunit linking indirectly to the cytoskeleton. In striated muscle, dystroglycan is a part of the dystrophin-glycoprotein complex (DGC), and defects of the DGC can cause muscular dystrophy and may lead to heart failure (13, 14, 18, 29, 38, 40) . While dystroglycan is considered an adhesion receptor because of its interaction with the extracellular matrix and cytoskeleton, the role that dystrogly-can plays in cell signaling is unclear. Because little is known about dystroglycan interactions with the physical environment and because defects in the DGC affect mechanically active tissues, determining the mechanical properties of the cell via this receptor is an important first step toward characterizing its potential role in mechanotransduction.
Magnetic twisting has revealed that cells stressed via integrins appear stiffer by a factor of 3-10 compared with stressing via the nonintegrin receptors (53) . However, magnetic twisting results are affected by heterogeneity of bead attachments and are harder to visualize as a physical model (7, 20) . Beads coated with adhesion molecules against integrins also tend to be endocytosed if left on the cells for extended times. As a result, a need exists to broaden testing by using a different technique and to test other receptors linked to the cytoskeleton that do not follow the integrin-vinculin-actin motif. In addition, there has been little formal characterization of potential differences in cell stiffness across different cell types. Considerations of this variance in cell stiffness are important because different types of cells may have mechanical properties that reflect their physiological functions.
METHODS
Bead protocol. Unless otherwise noted, chemicals were obtained from Sigma (St. Louis, MO). Fibronectin was acquired from Invitrogen (Carlsbad, CA). Antibodies against the transferrin receptor were purified using a protein A affinity chromatography column obtained from Bio-Rad (Hercules, CA). Dynabeads M-450 tosylactivated paramagnetic beads (Dynal, Oslo, Norway), 4.5 m in diameter, were coated with adhesion proteins and antibodies. Source beads (0.5 ml at 4 ϫ 10 8 beads/ml) were washed in either 0.1 M phosphate buffer, pH 7.4 (for antibody coating), or 0.1 M borate buffer, pH 9.5 (for fibronectin coating), and were resuspended in the same buffer. Adhesion protein or antibody (5 g/10 7 beads) was then added, corresponding to a total of 100 g of protein/0.5 ml of bead coating. The remainder of the coating protocol followed the manufacturer's instructions and included 0.02% sodium azide supplementation for bead storage at 4°C.
Cell culture. Human embryonic kidney (HEK)-293 cells and human aortic smooth muscle cells were grown in standard 150-cm 2 culture flasks (Corning/VWR International, West Chester, PA) in DMEM (Biowhittaker/Cambrex, Walkersville, MD) supplemented with penicillin/streptomycin (100 U of penicillin/ml medium; 100 g of streptomycin/ml medium; GIBCO-BRL, Carlsbad, CA) and 10% fetal bovine serum (HyClone, Logan, UT). Cells were passaged into 35-mm cell culture dishes for adherent cells (Corning/VWR International) and cultured for 1-3 days until confluent. Human aortic smooth muscle cells were used only until passage 7.
One hour before the magnetic trap experiment, 0.5-2 l (concentration 4 ϫ 10 8 beads/ml) of magnetic beads were applied to confluent 35-mm cell culture dishes. Immediately before the experiment, nonadherent beads were washed off with two washes using culture medium. The 35-mm cell culture dish was then placed into a temperature-controlled microscope chamber for force application. In other experiments, 1 M cytochalasin D was added to the cell culture dish for 15 min before experimentation to test the changes in cell properties after the disruption of the actin cytoskeleton. For each cell type, a different dish was used for each bead coating.
Transmission electron microscopy revealed that while the transferrin-and dystroglycan-coated beads remained outside the cells after incubation, all of the fibronectin-coated beads were internalized by the end of a 1-h incubation [data not shown; other examples of scanning and transmission electron microscopy can be found in the literature (10, 20, 42) ]. Thus the results of fibronectin-coated bead analysis reflect the internal cytoskeleton in a membrane-independent fashion.
Magnetic trap and microscope. The magnetic trap was custom made from CMI rod (CMI Specialty Materials, Cheshire, CT) and manually wrapped with 350 turns of 18-gauge copper wire (Newark Electronics, Chicago, IL). For experiments, a magnetic trap was placed in a micromanipulator beside an inverted Olympus IX-70 fluorescent microscope (Olympus, Melville, NY) with a chargecoupled device (CCD) camera (Roper Scientific, Trenton, NJ) (Fig. 1A) .
Calibration of the magnetic traps was performed using magnetic beads suspended in polysiloxane. The bead displacement was captured as a movie using the CCD camera while constant current was applied to the magnetic trap wires. The movie was then postprocessed, and the velocity of the bead was extracted using a custom MatLab program (Mathworks, Natick, MA). The velocity was then converted to force as a function of distance using the Stokes formula (36) . This procedure was repeated for three beads, and the best fitting force function was used (Fig. 1B) .
The experiments were performed using a similar protocol. After the cells were loaded with beads and placed onto the temperaturecontrolled stage maintained at 37°C, 8-s movies were captured using the CCD camera (see movie frame shown in Fig. 1C ). The magnetic trap was positioned at a fixed angle to the dish to generate a consistent, horizontal pulling force on the beads during current flow. The magnetic trap was off during the first 2 s, then on for the next 3 s, and then off for the final 3 s. While on, the magnetic trap was set for current ranging from 0.3 to 1 A. The movie was then analyzed for magnetic bead displacements using a custom MatLab program to fit to a cell model. The total experimental time frame per cell was kept short so that active remodeling of the cell could be neglected. At least 30 beads per bead coating were used, with beads at least 1 mm away from the previously used beads in the same dish selected to minimize remodeling effects. Cytochalasin D-treated cells were used in separate dishes from the untreated cells. The total duration of the stressing experiments was ϳ30 min/dish.
Cell model. Magnetic bead displacements were analyzed using the dashpot-Kelvin body model presented by Bausch et al. (3, 4) . Analyses of magnetic bead motion are useful because the results characterize the local cell stiffness and time-dependent deformation of the mechanical responses of the cells. Magnetic beads of three coatings were used for comparison: fibronectin, anti-transferrin antibody (W632), and anti-dystroglycan antibody (VIA 4). Bead displacement curves for a given experiment were normalized by force and then fit for 0, 1, k0, and k1 to the dashpot-Kelvin body model using MatLab's nonlinear fitting function to the loading portion of the response curve ( Fig. 2A) . The local cell stiffness, k0 ϩ k1, the relaxation time, 1(k0 ϩ k1)/k0k1, and the viscous friction coefficient, 0, were derived from the parameters, and the 10 -90% range for each parameter was compared for statistical differences among the different receptor types. Extreme outliers were discarded before the 10 -90% range determination to eliminate data from poorly bound beads or other experimental anomalies. The 10 -90% range was determined by sorting the parameters according to their amplitude and then excluding the highest and lowest 10%. This procedure was performed to reduce the contribution of outliers, especially outliers above median that had large variances. Magnetic bead displacements were analyzed for both epithelial and smooth muscle cells.
Receptor-tracking experiments. To test the linkage of the receptors to the cytoskeleton, small gold particles were attached to the different receptors and tracked over time to measure the amount of receptor displacement. This concept is based on the study by Fujiwara et al. (22) , who showed that transferrin receptors exhibit compartmentalized random walks. It was expected that the transferrin receptors on the epithelial cells would also exhibit similar behavior, whereas the ␤1 integrin and dystroglycan receptors are not free to diffuse, because of their linkage to the cytoskeleton. While fibronectin engages many different integrins, its primary attachment is via the ␤1 integrin subunit. Thus the ␤1 antibody was used instead of fibronectin because fibronectin causes aggregation when coating small particles.
Streptavidin-coated gold nanoparticles (Research Diagnostics, Flanders, NJ), 30 -40 nm in size, were linked to antibodies against the dystroglycan receptor, the transferrin receptor, and the ␤ 1 integrin subunit (Research Diagnostics). The antibodies were biotinylated using the ProtOn kit (Vector Laboratories, Burlingame, CA) according to the manufacturer's protocol. One microgram of the biotinylated antibody was incubated with 10 l of the nanoparticles (stock solution 20 g/ml) for 5 min at room temperature and stored at 4°C. Coated gold nanoparticles were added to dishes containing HEK-293 cells and incubated for 1 h at 37°C. The motion of the nanoparticles was then tracked by acquiring images of the same particle every minute for 4 min and using a custom MatLab program to determine the particle locations in each image. Particle displacements then were calculated for each minute of the 4-min interval, from time 0 to 1 min, then from time 1 to 2 min, and so forth, and afterward the four displacements were averaged. The time of 1 min between frames was selected to help ensure that the nanoparticle had sufficient time to move out of at least a single compartment, if applicable. The receptor-tracking experiments were performed for the epithelial cells, but not for smooth muscle cells, because the latter tend to rapidly engulf small particles.
Statistics. The Kruskal-Wallis nonparametric test and the Dunn's posttest were used to compare medians for the three-magnetic-bead model physical parameters. The Mann-Whitney nonparametric test was used to test for significant differences between the untreated cell and the cytochalasin D-treated cell for the same receptor type. The median displacements of the gold nanoparticles were compared using the Kruskal-Wallis nonparametric test and the Dunn's posttest. GraphPad Instat software (San Diego, CA) was used for the nonparametric analyses, and P Ͻ 0.05 was considered statistically significant.
RESULTS
The magnetic trap calibration showed that the force exerted on the magnetic beads was in the range of 0.3-3 nN. The currents used to generate this level of force ranged from 0.3 to Receptor effects on cellular mechanical properties. Using magnetic bead data, the stiffness of the springs and viscosities of the dashpots in the Kelvin receptor-based model were determined (Fig. 2, A and B) . Using 125 beads for the fibronectin endocytosis experiments, 104 beads for the transferrin receptor, and 31 magnetic beads for the dystroglycan receptor on epithelial cells, we found that the median instantaneous stiffnesses were 3.9 ϫ 10 Ϫ3 N/m for the endocytosed beads, 4.4 ϫ 10 Ϫ3 N/m for anti-transferrin beads, and 1.6 ϫ 10
Ϫ3
N/m for the anti-dystroglycan beads (Fig. 3A) . Each bead represented data from a different cell. The instantaneous stiffness of the dystroglycan receptor was significantly different from both the endocytosed beads (P Ͻ 0.001) and the transferrin receptor (P Ͻ 0.001). The viscous friction coefficient of the dystroglycan receptor was significantly different from both the endocytosed beads (P Ͻ 0.05) and the transferrin receptor (P Ͻ 0.05; Fig. 3B ). No significant differences were found regarding the relaxation times of the two receptors and the endocytosed beads (Fig. 3C) .
With the addition of cytochalasin D to disrupt the actin cytoskeleton, using 89 beads for the fibronectin endocytosis experiments, 47 beads for the transferrin receptor, and 31 magnetic beads for the dystroglycan receptor on epithelial cells, the instantaneous membrane stiffness of the epithelial cells significantly decreased for all conditions (P Ͻ 0.001 for endocytosed beads and transferrin receptors, P Ͻ 0.05 for dystroglycan receptors; Fig. 3A) . Cytochalasin D significantly decreased the viscous friction coefficient for all conditions (P Ͻ 0.001 for endocytosed beads and transferrin receptors, P Ͻ 0.01 for dystroglycan receptors; Fig. 3B ) and increased the relaxation time significantly only for the endocytosed beads (P Ͻ 0.001; Fig. 3C ). The addition of cytochalasin D to HEK-293 cells caused disruption of the actin cytoskeleton, as demonstrated by phalloidin staining (Fig. 3, D and E) , but the cells remained spread and attached to the dish, suggesting that at least some of the cytoskeletal components remained intact.
To characterize how well the antibody-coated beads adhered to the cell, antibodies against transferrin receptors and ␣-dystroglycan were placed into the medium at the same time as the beads to competitively bind the receptors (using 5 g of antibody in every 1 ml of medium). After incubating for attachment, the sample was perturbed manually to detect loose beads. The detachment rates for initially attached magnetic beads were recorded and compared with the detachment rates for beads on unblocked cells. In both cases, detachment increased when blocking with antibodies was performed. For the transferrin receptor, detachment increased from 17 to 31% when blocked by transferrin antibodies, in contrast to 15% detachment when the cells were blocked by both dystroglycan and anti-␤ 1 antibodies. The results were similar for dystroglycan, with which detachment increased from 13 to 28% when blocked by anti-dystroglycan antibodies but remained at 11% when blocked by both transferrin and anti-␤ 1 antibodies. This demonstrates that the bead coatings were fairly specific for targeting the receptors of interest.
The results for smooth muscle cells, in contrast, showed a different mechanical response based on receptors. Using 79 fibronectin beads for endocytosis, 36 transferrin beads, and 60 dystroglycan beads, the median cell stiffness was found to be 4.2 ϫ 10 Ϫ3 N/m for endocytosed beads, 1.4 ϫ 10 Ϫ3 N/m using transferrin beads, and 2.6 ϫ 10 Ϫ3 N/m using dystroglycan beads. A significant difference for stiffness was found only between the endocytosed beads and transferrin receptors (Fig.  4A ). Significant differences in cellular viscous coefficients were found between the transferrin receptor and both the endocytosed beads (P Ͻ 0.001) and the dystroglycan receptor (P Ͻ 0.01) (Fig. 4B) . No significant differences were found for the relaxation times among the three conditions (Fig. 4C) .
With the addition of cytochalasin D, cell stiffness significantly decreased only for the endocytosed beads (P Ͻ 0.001; Fig. 4A ). However, the viscous coefficient significantly decreased for both endocytosed beads (P Ͻ 0.001) and dystroglycan receptors (P Ͻ 0.001; Fig. 4B ), and the relaxation time significantly increased for all three conditions (P Ͻ 0.001 for endocytosed beads, P Ͻ 0.05 for transferrin receptors, and P Ͻ 0.001 for dystroglycan receptors; Fig. 4C) .
The presence of cytoskeleton linkage was measured using single-particle tracking. The average displacements of the gold nanoparticles on epithelial cells depended on the type of receptor. As anticipated, the transferrin receptors moved more (median, 1.1 m; 10 particles) than the dystroglycan receptor (median, 350 nm; 9 particles) and the ␤ 1 integrin (median, 490 nm; 10 particles). The increased motion of the transferrin receptor was significant compared with either the dystroglycan receptor (P Ͻ 0.001) or the ␤ 1 integrin (P Ͻ 0.05), whereas the dystroglycan receptors and ␤ 1 integrins were not statistically significantly different (Fig. 5) .
DISCUSSION
The use of magnetic micromanipulation has a number of advantages in the analysis of the mechanical properties of living cells, including the ability to control precisely the level and duration of force exerted on the cells, to target specific receptors via selective bead coating, and in some cases, to collect and preserve information on a single-cell basis, which results in obtaining both average and variance information. The main finding of this study is that cell stiffness depends both on the linkage that is being stressed, whether it is the type of surface receptor or internalization, and on the specific cell type that is being probed.
Transferrin receptor-based mechanical stresses result in mechanical properties similar to those of endocytosed beads with epithelial cells. This result is interesting, especially because receptor-tracking experiments using gold nanoparticles have shown that the transferrin receptor is less anchored than the dystroglycan or ␤ 1 integrin receptors. We hypothesize that when a force was applied to the bead, it was distributed to membrane compartments that indirectly transmitted the force to the cytoskeleton. Because compartments are thought to be 0.2-1 m in diameter (22), a 4.5-m-diameter bead could easily span several compartments. An estimate for the force on a single transferrin receptor can be obtained by assuming that the receptor density is the same as that reported for HepG2 cells, 5 ϫ 10 4 /cell (36a), and that the cell shape can be approximated as a 15-m-radius thin disk (see Fig. 1C ). If the receptors are uniformly distributed on the cell surface, the receptor density in each cell is 3 ϫ 10 13 receptors/m 2 . We further assume that the bead-cell contact area is circular, with a radius of 2 m (assuming that the bead is approximately C75 RECEPTOR-DEPENDENT CELL STIFFNESS VARIATIONS one-third embedded into the cell as an order-of-magnitude estimate). The contact area is ϳ1.2 ϫ 10 Ϫ11 m 2 , which led us to conclude that the number of receptors associated with each bead was on the order of 400. The typical force applied to each bead is ϳ1 nN; thus the average force, F, on a single receptor is ϳ2.5 pN. Because the force-induced displacement, ⌬x, is on the order of 0.1 m, the mechanical energy, ⌬E, on each receptor can be estimated as ⌬E ϭ F⌬x, or ϳ2.5 ϫ 10 Ϫ19 J. The typical energy of a hydrogen bond is on the order of 3.5 ϫ 10 Ϫ20 J (46). Therefore, the energy exerted on each transferrin receptor is of an equivalent order to 10 hydrogen bonds. It is reasonable to expect that at the molecular level, associations between the transferrin receptor and the surrounding membrane domain structure are not significantly perturbed by the force levels associated with this energy level. Thus the force exerted on each transferrin receptor is likely transmitted directly to the membrane compartments. Because these membrane compartments can also contain proteins that are linked to the cytoskeleton, we hypothesize that the membrane compartments serve as an integrating element that indirectly transmits the sum of the forces on the transferrin receptors to the cellular cytoskeleton. Detailed structural analysis of compartmental protein compositions and associations with the cytoskeleton await further study. Finally, transferrin receptors are associated with endocytotic events (19) ; thus the similarities between the endocytosed beads and the transferrin-linked beads appear to support a similarity in the cytoskeletal linkage between the two bead types. These explanations are further supported by the observation that when cytochalasin D was added to the cells, the transferrin receptors' stiffness and viscosity decreased more than those of fibronectin (Fig. 3, A and B) . Insufficient cytochalasin D was added to totally disrupt the cell cytoskeleton; thus cell stiffness and viscosity were maintained better for the endocytosed beads' network than for the transferrin receptors' because the transferrin receptor-based stiffness depended on the surface compartmentalization network rather than on being surrounded by a cytoskeletal network as was true for endocytosed beads.
An unexpected finding is that the dystroglycan receptorbased stiffness was lower than that of the transferrin receptor on epithelial cells. Because dystroglycan is linked to the cytoskeleton via dystrophin-utrophin, this lower stiffness is surprising. One possible, intriguing explanation is the introduction of cytoskeletal subnetworks; that is, that the dystroglycan-linked cytoskeleton forms a different network with its own mechanical properties. Assuming the presence of this independent network, the cytochalasin D results are further evidence that this secondary network is affected more severely Fig. 3 (e.g., EnCytD) occurred. *P Ͻ 0.05, statistically significant changes in the parameters in the cytochalasin D-treated cases. #P Ͻ 0.05, statistically significant changes among the untreated cases. Note that in A, the significant difference (#) was between only fibronectin and transferrin. Data are shown as boxplots as in Fig. 3 . by the actions of cytoskeletal disruption. One could conclude that this network consists of a higher percentage of actin than the cytoskeletal network at large.
The smooth muscle cell results, in contrast, show significantly lower cell stiffness for transferrin-linked beads and no differences for dystroglycan-linked beads compared with the endocytosed beads. The apparent increase in stiffness of the dystroglycan receptor relative to the epithelial cells could be explained by differences in the ␣-dystrogylcan receptor. These receptors, which appear more variably glycosylated in epithelial cells than in smooth muscle cells, may be related to weaker or less prevalent networking when hypoglycosylated (17) . At the very least, glycosylation is an indicator of receptor activity and has been hypothesized to be linked to muscular dystrophy (24, 25) . That dystroglycan may be in a subnetwork rather than in the global network affecting the endocytosed beads is further supported by results observed after the addition of cytochalasin D; with increased activity of the dystroglycan receptors, the decrease in stiffness of the dystroglycan receptors is much smaller and settles on a stiffness that is higher than that of the endocytosed beads. This indicates that in smooth muscle cells, the dystroglycan network may be more pervasive or may depend less on actin than in epithelial cells because of its apparently higher resistance to cytochalasin D disruption compared with a bead fully surrounded by a partially disrupted cytoskeleton.
The reason for the decreased transferrin receptor stiffness in smooth muscle cells but not in epithelial cells is not as clear. If the compartmentalization network is responsible for the observed transferrin and dystroglycan receptor stiffness in epithelial cells, this network may be absent or configured differently in smooth muscle cells, leading to different behaviors in response to mechanical stresses. Furthermore, the role of transferrin receptors in endocytosis in smooth muscle cells may be different from their role in epithelial cells. Such a result is important, because in many mechanotransduction experiments, non-cytoskeletally linked receptors (e.g., transferrin or the acetylated LDL receptors) are used as a negative control based on the hypothesis that non-cytoskeletally linked receptors do not contribute to mechanically induced signaling (23, 42, 51) . Our results indicate that caution is required when interpreting results based solely on known molecular linkages rather than on the actual physical response of the cells. Most bead-based signaling studies used fibroblasts, endothelial cells, and smooth muscle cells, which are vascular cells; however, it is possible that when the cell types are broadened, the signaling results may start to diverge.
The viscous friction coefficient results are consistent with what is expected; the less stiff conditions also tend to have lower viscosities, and the disruption of the actin network by cytochalasin D diminishes the viscosity (although in one case this did not reach statistical significance, this trend is fairly consistent). The relaxation time governs the shape of the response curve in transition to the viscous regime (in Fig. 2B , it determines the shape of the curve between 2 and 3 s). Increased relaxation time indicates that it takes longer for the curve to settle on the linear motion determined by the viscous friction coefficient. Interestingly, there are no receptor dependencies for the relaxation time, but the smooth muscle cells show a large increase in this parameter with the addition of cytochalasin D compared with the epithelial cells, indicating that it takes longer to settle to the steady state in the presence of a disrupted actin network.
In interpreting the results of these experiments, some simplifying assumptions are necessary. For example, while the models used in this study to fit the bead displacements are linear, and although it is reasonable to expect living cells not to behave in a strictly linear fashion, there are currently no nonlinear analytical models that can be used with magnetic trapping to describe the simple response of a cell to a fixed applied force. Finite element modeling can help to some extent, and efforts are currently underway to compare magnetic trapping experimental results to finite element models (34) . In addition, the model used in this study was analyzed for the loading portion of the magnetic bead displacement only. Improved models that account for the unloading portion may yield other insight into the mechanical response of the cells. Other components of the cytoskeleton, such as the microtubules, were not tested but could potentially have a role in bead response, especially for the endocytosed beads. For example, an alternative possible explanation of the higher stiffness for endocytosed beads compared with transferrin in cytochalasin D-disrupted epithelial cells is that the endocytosed beads experience resistance from other intracellular components such as microtubules and intermediate filaments, even with the actin filaments completely disrupted. That this effect is not seen in the smooth muscle cells, and the possibility that epithelial cells can remain spread with a totally disrupted actin cytoskeleton serves only to underscore the complexity of characterizing general cell mechanical properties.
The number of beads used for each receptor appears roughly correlated with stiffness results (i.e., the results with the fewest number of beads for a given receptor in both the epithelial and smooth muscle experiments were also the receptors with the lowest stiffness). However, it is unlikely that the cellular stiffness results are affected by the number of beads used. Instead, the magnetic beads attached to the lower stiffness receptors also tended to detach at a greater rate. Thus the lower number of postprocessed beads in lower stiffness receptors can be considered a reflection of the lower anchorage of that receptor class.
While each bead was large enough to engage multiple receptors, the use of smaller beads was precluded because of the volume dependency of force generation. Beads small enough to engage single receptors are unlikely to exert sufficient force to generate detectable displacement. Indeed, the relatively high force levels used in this study were necessary to reliably measure the bead displacement in the stiffer cell lines (notably the smooth muscle cells). Because there were likely many receptors engaged for each bead, rolling for the surface receptor-bound beads is not considered to be a major contributor to the mechanical model. As a result, the actual number of receptors engaged for each bead is not likely to make a substantial difference to the fit of the mechanical model. In addition, although it is difficult to relate the extent of rolling of surface beads to that of endocytosed beads, the more important focus of this study was in comparing the two different surface receptors and on the effects of each class on the corresponding cytoskeletally disrupted parameters rather than on a one-to-one comparison of endocytosed bead stiffness to that of transferrin receptors or dystroglycan. Further characterizations of bead attachment and responses await further investigation.
Our experiments have demonstrated that, taken singly, cell stiffness tends to be lower and depends much more on geometric factors (e.g., size and orientation of the cell; data not shown). In this study, only confluent or nearly confluent monolayers were used. While future studies might address issues such as confluency and orientation, we present our data as the results of a first study to characterize the variances in mechanical properties across cell types and receptors using a single technique.
In summary, the experiments and analyses indicate that characterizing the mechanical properties of the cell depend significantly on the receptor probed and the cell type. Stiffness is increased not simply because the receptor is associated with the cytoskeleton but also possibly because of the presence of different intracellular networks and a higher resistance against degradation for the focal adhesion and major cellular structural network.
